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Assuming that primordial black holes compose a fraction of dark matter, some of them may
accumulate at the center of galaxy and perform a prograde or retrograde orbit against the gravity
pointing towards the center exerted by the central massive black hole. If the mass of primordial
black holes is of the order of stellar mass or smaller, such extreme mass ratio inspirals can emit
gravitational waves and form a background due to incoherent superposition of all the contributions of
the Universe. We investigate the stochastic gravitational-wave background energy density spectra
from the directional source, the primordial black holes surrounding Sagittarius A∗ of the Milky
Way, and the isotropic extragalactic total contribution, respectively. As will be shown, the resultant
stochastic gravitational-wave background energy density shows different spectrum features such
as the peak positions in the frequency domain for the above two kinds of sources. Detection of
stochastic gravitational-wave background with such a feature may provide evidence for the existence
of primordial black holes. Conversely, a null searching result can put constraints on the abundance
of primordial black holes in dark matter.
I. INTRODUCTION
The recent direct detections of gravitational wave
(GW) by LIGO and Virgo collaboration opens a unique
window to observe black holes (BHs) [1–8]. The event
rate of binary BH merger at local Universe is estimated to
be 53.2+58.5−28.8 Gpc
−3 yr−1 from the detections [9]. Among
the GW events, the relatively large mass of the first de-
tection (∼ 30M), GW150914, has stimulated discus-
sions that the binary BHs of GW150914 could be of pri-
mordial origin, instead of products of stellar evolution
[10–13]. Ref. [12] shows that the binary stellar-mass pri-
mordial BHs coalescence scenario can give the correct
order of magnitude of event rate, if the abundance of
primordial BHs in dark matter is ∼ 10−3.
Primordial BHs are a long hypothesized candidate for
dark matter [14–17]. Assuming all the primordial BHs
have the same mass, a variety of observations from as-
tronomy and cosmology have given constraints on the
primordial BH abundance in dark matter, for example,
gravitational lensing of stars and quasars, dynamics of
dwarf galaxies, large scale structure formation and accre-
tion effects on the cosmic microwave background (CMB)
(see Refs. [18, 19] and references therein). The possibil-
ity that all the dark matter are primordial BHs with the
same mass has been ruled out given all the constraints
aforementioned. Nevertheless, it is still interesting to
∗ yfwang@phy.cuhk.edu.hk
consider the scenario where primordial BHs compose a
part of dark matter and propose new methods to seek
for evidence of primordial BHs or constrain their abun-
dance in dark matter.
In this work, we investigate the scenario in which pri-
mordial BHs constitute a fraction of dark matter in the
galactic center. Astrophysical observations (see, e.g.,
Refs. [20, 21] for a review) indicate that massive BHs with
mass 105M − 109M are ubiquitous and reside at the
center of almost every massive galaxy. If some fraction
of dark matter is composited by primordial BHs, they
should perform a prograde or retrograde orbit against
the gravity pointing towards the galactic center exerted
by the central massive BH, and such a system becomes
the so-called extreme mass ratio inspiral (EMRI) system
whose mass ratio is usually larger than 105 [22]. EMRIs
are one of the important scientific targets of space-based
GW detector, such as Laser Interferometer Space An-
tenna (LISA) which is anticipated to be launched in the
2030s 1. Once detected, the GW signals from EMRIs can
provide valuable information such as event rate estima-
tion [22, 23] and tests of general relativity [24, 25].
The focus of our work is the stochastic gravitational-
wave background (SGWB) energy density spectrum from
EMRI system consisting of a massive BH at the galac-
tic center and a sub-solar mass primordial BH. SGWB is
an incoherent superposition of numerous GWs, including
1 https://www.elisascience.org/
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2those too weak to be detected individually [26–30] or hav-
ing intrinsic stochastic nature such as primordial GW is
generated by quantum fluctuations in the early Universe.
The SGWB from binary stellar-mass primordial BH co-
alescence is calculated by Refs. [31–34] and, in particu-
lar, Ref. [32] shows that the null result of SGWB in the
LIGO frequency band (∼ [10, 1000] Hz) has given the
most stringent constraints on the abundance of primor-
dial BH as dark matter in the mass range [1, 100] M. In
the LISA frequency band, Refs. [35, 36] have considered
the stochastic background from sub-solar mass primor-
dial BHs inspiraling to Sagittarius A∗, i.e., the central
massive BH of the Milky Way. Our work will expand
the study of Refs. [35, 36] in the following two aspects.
First, we calculate the SGWB energy density spectrum
in the frequency domain, i.e., ΩGW(ν) from the primor-
dial BHs surrounding Sagittarius A∗. Second, we investi-
gate the complete SGWB contributions from extragalac-
tic sources by modeling the event rate of primordial BH
EMRIs throughout the cosmic redshift.
The rest of the paper is arranged as follows. In Sec-
tion II we model the primordial BHs density profile
around a massive BH, and apply this relation to the
Sagittarius A∗ in the Milky Way to derive the SGWB
energy density spectrum. We proceed to model the num-
ber density of massive BHs at different redshift epoch
and calculate the SGWB spectrum from extragalactic
sources in Section III. We forecast the ability of LISA for
detecting the SGWB signal or, if there is a null result,
constraining the abundance of primordial BHs in dark
matter in Section IV. The results show that LISA can
probe the existence of primordial BHs with mass range
[10−8, 1] M and constrain the abundance of primordial
BH with 1M to be 10−9 in the optimal case where the
dark-matter spike scenario with a steeper initial power
index γ = 2 is valid. The main uncertainty is subject
to the value of the dark-matter initial power index γ.
We summarize the conclusions in Section V. Throughout
this work we assume the mass distribution of primordial
BHs is a delta function due to the uncertainty of pri-
mordial BH population. Therefore the results should be
seen as being from the primordial BHs with a represen-
tative mass. Actually, as will be shown in the following,
the mass of primordial BHs only serves as a scaling factor
for the amplitude of the resulting SGWB spectra and the
shape of spectra only depends on the mass of the central
massive BHs.
II. THE STOCHASTIC
GRAVITATIONAL-WAVE BACKGROUND FROM
SAGITTARIUS A∗
A. Primordial Black Holes Density Profile
To model the event rate of primordial BH EMRIs, we
first infer the primordial BH mass density at the galactic
center. Since we expect that primordial BHs compose a
part of dark matter, it is natural to use the dark-matter
density profile to characterize the primordial BH mass
density around the central massive BH.
For an initial dark-matter density profile with the fol-
lowing power law form
ρ(r) = ρ0
(r0
r
)γ
, (1)
where ρ0 and r0 are halo parameters and to be deter-
mined, γ is the power index, r is the radius of dark mat-
ter, Ref. [37] suggests that the adiabatic growth of the
central massive BH can enhance the surrounding dark-
matter density at galactic center and form a spike dis-
tribution, i.e., the halo will end up with the following
density [37, 38]
ρsp(r) = ρR
(
1− 4Rs
r
)3(
Rsp
r
)γsp
, (2)
where the power index is enhanced from the initial
value by γsp = (9 − 2γ)/(4 − γ), the halo parame-
ter ρR = ρ0(Rsp/r0)
−γ with Rs being the Schwarzchild
radius of the central massive BH, Rsp(γ,MMBH) =
αγr0(MMBH/(ρ0r
3
0))
1/(3−γ) is the radius to which the
dark-matter spike extends, αγ is derived numerically for
different γ in Ref. [37]. For an initial Navarro-Frenk-
White (NFW) profile [39] with γ = 1, the final spike has
a index γsp = 7/3, thus significantly boosting the inner
profile around the central massive BH.
To connect ρ0 and r0 with the massive BH’s property,
we employ the relation among the dark-matter halo virial
mass Mvir, the concentration parameter ccon ≡ rvir/r0
where rvir is the halo virial radius, and the mass of mas-
sive BH MMBH. The relation of ccon − Mvir for NFW
profile is given by Ref. [40]
log ccon = a+ b log
Mvir
1012h−1M
, (3)
where a = 0.520 + 0.385 exp(−0.617z1.21) and b =
−0.101 + 0.026z are numerical factors at redshift z. The
parametrized formula Eq. (3) is obtained by numerically
fitting to a suite of N-body simulations for NFW pro-
file with Planck 2013 cosmological parameters [41] in the
redshift range [0, 5].
The mass of the central massive BHs has a correlation
with a few characteristic quantities of the host galaxy,
such as the velocity dispersion σ in the spheroidal region
and the total mass of the host galaxy, indicating a co-
evolution history with the whole galaxy. By employing
the observational MMBH−σ relation and using the quasar
luminosity function to link σ with the halo mass, Ref. [42]
gives a parametrized relation between the massive BH’s
mass MMBH and the host dark-matter halo’s virial mass
3Mvir,
log
(
MMBH
108h−1M
)
= (−2.66± 0.33) + (1.39± 0.22)
× log
[
β3H(z)
(
Mvir
1013h−1M
)]
.
(4)
Here H(z) = H0
√
Ωm(1 + z)3 + ΩΛ is the Hubble pa-
rameter at redshift z , Ωm and ΩΛ are the matter and
dark energy fractional densities, respectively. β is a ra-
tio between the dark-matter halo’s circular velocity and
virial velocity, whose value is of order unity. Eq. (3) to-
gether with Eq. (4) can fix the corresponding coefficients
of NFW density profile and NFW induced spike profile
given the mass of massive BH.
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FIG. 1: Dark matter density profile around a massive
BH with mass 4× 106M. The blue and orange solid
curves show the spike profile for power index γ = 2 and
γ = 1, respectively. As a comparison, the NFW
dark-matter profile is also plotted. The dark-matter
density profile at galactic center is boosted significantly
for the γ = 1 spike profile compared with the NFW
profile. The γ = 2 spike has even larger density than
γ = 1 by three order of magnitude. The vertical dash
line represents the orbital radius where the GW
frequency is 10−5Hz which is the lower cutoff frequency
of the LISA sensitive band.
Fig. 1 shows the dark-matter spike profile around a
massive BH with mass 4×106M. Given the uncertainty
of the initial profile power index, we choose two values
for γ, γ = 1 for NFW profile and γ = 2 representing
a steeper profile for an optimistic result. We observe
that the dark-matter density near the galactic center is
boosted significantly for the γ = 1 spike profile compared
with the NFW profile. The γ = 2 spike has even larger
density than γ = 1 by three order of magnitude.
In Fig. 1, the vertical dash line represents the radius
where the emitted GW frequency is 10−5 Hz under the
assumption of circular motion. Therefore the region of
interest for LISA frequency band is between 4Rs as indi-
cated by Eq. (2) and the dash line.
B. Stochastic Gravitational-Wave Background
Spectrum
The fractional energy density spectrum of SGWB is
defined as
ΩGW =
ν
ρc
dρGW
dν
, (5)
where dρGW is the gravitational-wave energy density in
the frequency band [ν, ν + dν], ρc = 3H
2
0 c
2/8piG is the
critical energy to close the Universe, G is the gravita-
tional constant, c is the speed of light.
The local energy density is related to the GW energy
flux by ρGW(ν) = FGW(ν)/c. FGW(ν) from Sagittarius
A∗ can be derived by taking integral of the density of
primordial BH EMRI with respect to orbital radius r,
FGW(ν) =
∫
fPBHρDM(r;MMBH)
mPBH
dE/dt(r;Mtot, η)
d2L
r2dr,
(6)
where dL is the luminosity distance from sources to
GW detectors, ρDM(r;MMBH) is the dark-matter den-
sity at radius r to the center given MMBH, mPBH and
fPBH are the primordial BH mass and abundance, η ≡
mPBHMMBH/(mPBH+MMBH)
2 is the symmetric mass ra-
tio, Mtot ≡ mPBH+MMBH is the total mass of the primor-
dial BH EMRI system. To the leading order, GW power
can be calculated by the quadrupole formula [43, 44],
dE
dt
(r;Mtot, η) =
32
5
G4
c5
η2
(
Mtot
r
)5
. (7)
The radius r can be equivalently replaced by the GW
frequency ν under the assumption of Keplerian motion,
r(ν,Mtot) =
[
(GMtot)
1/2
pi(1 + z)ν
] 2
3
, (8)
where the factor of (1 + z) accounts for the cosmological
expansion and the GW frequency ν is twice of the orbital
frequency. From Eq. (8) a differential relation can be
derived ,
d
dν
= −2pi
3
1 + z
(GMtot)1/2
r5/2
d
dr
. (9)
Applying Eq. (9) to Eq. (6) and using the condition
MMBH  mPBH, the differential GW power from Sagit-
tarius A∗ is
dFGW
dν
(ν) =
64pi
15
(1 + z)G7/2
c5
fPBHρDMmPBHM
5/2
MBH
r1/2d2L
,
(10)
Therefore the SGWB energy density spectrum is
ΩSgrA
∗
GW (ν) =
ν
ρc
64piG7/2
15c6
fPBHmPBHM
5/2
MBHρDM
r1/2d2L
. (11)
4The mass of Sagittarius A∗ located at the center of
the Milky Way is ∼ 4 × 106 M and the distance dL is
∼ 8 kpc. Substitute the values to Eq. (11), the SGWB
result is shown in Fig. 2 with mPBH = 1M and fPBH =
1 × 10−8. Note that the term mPBHfPBH in Eq. (11)
only serves as an overall scaling factor. We showcase
two choices of the initial dark-matter profile power index,
γ = 1 and 2, respectively. As a comparison, the LISA
sensitivity curve of SGWB for the six links, 5 million
km arm length configuration and 5 year mission duration
(the optimal case) is plotted [45, 46].
The figure shows that the amplitude of SGWB with
γ = 2 is larger than that with γ = 1 by three orders of
magnitude, inheriting from the three order of magnitude
difference of the dark-matter halo density as shown in
Fig. 1. Another feature is that the SGWB peaks at 3 ×
10−4 Hz, which is determined by the mass of the central
massive BH given the dark-matter spike distribution.
It should also be noted that the SGWB from Sagit-
tarius A∗ is a directional signal but the sensitivity curve
is for isotropic SGWB. Therefore the comparison only
serves as an order of magnitude estimation due to the
lack of sensitivity curve for a directional source. The
search for persistent GW signals from point-like sources
has been performed by Advanced [47, 48] and Initial
LIGO and Virgo [49]. Especially, using the data from the
first and second observational runs of Advanced LIGO
and Virgo, the upper limits for GW strain amplitude
have been given for three sources with targeting direc-
tions: Scorpius X-1, Supernova 1987 A and the Galac-
tic Center, respectively. Refs. [50, 51] have considered
the anisotropic SGWB search with space-based detec-
tors. However, a specialized investigation for directional
SGWB from primordial BH EMRIs at the Galactic cen-
ter has not been achieved in the context of space-based
GW detectors. We thus leave the relevant study for a
future work.
III. THE STOCHASTIC
GRAVITATIONAL-WAVE BACKGROUND FROM
EXTRAGALACTIC SOURCES
A. Massive Black Hole Population
To model the massive BH population throughout the
cosmic history, we employ the dark-matter halo mass
function and the MMBH −Mvir relation which is char-
acterized by Eq. (4). We choose the halo mass function
in Ref. [52] which calibrates with a suite of cosmologi-
cal N-body simulations and takes the finite box size and
the cosmic variance effects into account. In the actual
practice this halo mass function is generated through in-
voking the Reed07 model in the python package hmf (an
acronym for “halo mass function”) [53], where the cos-
mological parameters are set to be the value of Planck
satellite’s 2018 results [54]. Reed07 model is shown to
be valid up to redshift z ∼ 30 and for halos with masses
FIG. 2: The SGWB energy density spectra of
primordial BH EMRIs surrounding Sagittarius A∗, i.e.,
the massive BH at the center of Milky Way. The mass
of primordial BH is chosen to be mPBH = 1 M and the
abundance in dark matter is fPBH = 10
−8. For the
initial dark-matter profile power index, γ = 2 and γ = 1
are chosen for illustration. Both SGWB results peak at
the frequency 3× 10−4 Hz which is determined by the
mass of the massive BH. The amplitude with γ = 2 is
larger than γ = 1 by three orders of magnitude,
inheriting from the three order of magnitude difference
of the dark-matter halo density. The LISA sensitivity
curve for detecting isotropic SGWB is also plotted for a
qualitative comparison since the SGWB from
Sagittarius A∗ is a directional signal.
105−12h−1M [52], which is sufficient for our purpose.
FIG. 3: The solid curves represent the number density
of massive BH at different redshifts which is derived
from Reed07 dark-matter halo mass function. We will
consider the SGWB spectrum from the massive BHs in
the mass range [104,∼ 109] h−1M as a fiducial model.
Fig. 3 shows our results of the number density
dn/d lnMMBH for massive BHs in different redshifts.
Since astronomical observations have confirmed the ex-
istence of massive BHs with ∼ 104 M (for example see
Ref. [55]), we will consider the SGWB spectrum from the
5massive BHs in the mass range [104,∼ 109] h−1M as a
fiducial model. The upper mass limit is determined by
the condition that the emitted GWs are in the LISA sen-
sitive band and ∼ 109 M is sufficient for this purpose.
B. Stochastic Gravitational-Wave Background
Spectrum
The complete SGWB contribution can be obtained by
taking the sum from the EMRIs of all extragalactic mas-
sive BHs
ΩGW(ν) =
ν
ρc
4pi
c
∫∫
dFGW
dν
dn
dMMBH
dMMBHχ
2dχ, (12)
where dn/dMMBH is the number density of massive BHs
and χ is the sources’ comoving distance. Combining
Eq. (10) and Eq. (12) yields
ΩGW(ν) = fPBHmPBH
ν
ρc
256pi2G7/2
15c7
(13)
×
∫
dz
(1 + z)H(z)
∫
ρDMM
5/2
MBH
r1/2
dn
dMMBH
dMMBH.
As a fiducial model, we consider the sources in the red-
shift range [0, 5]. Contributions from higher redshift can
be negligible as will be indicated in Section III D.
With mPBH = 1M and fPBH = 10−8, the results of
extragalactic SGWB with γ = 2 and γ = 1 are shown
in Fig. 4. The results from Sagittarius A∗ is also replot-
ted for comparison. The extragalactic SGWB peaks at a
higher frequency (∼ 4 × 10−2 Hz), due to the contribu-
tions from BHs less massive than Sagittarius A∗.
Note that the extragalactic SGWB is an isotropic sig-
nal, thus can be compared with the LISA sensitivity
curve directly. It shows that the amplitude of extragalac-
tic SGWB for γ = 2 already reaches the detectable zone,
which means that the future LISA searching results can
probe the abundance of 1M primordial BHs to be as
low as ∼ 10−9 for the γ = 2 case. The amplitude of
γ = 1 SGWB is smaller by three order of magnitude due
to a smaller dark-matter density profile.
The main uncertainty comes from the dark-matter ini-
tial profile power index. Future astrophysical progress on
understanding the dark-matter profile at galactic center
can shed light on a more robust prediction on the pri-
mordial BH EMRIs event rate. Conversely, future GW
search with space-based detectors can also be beneficial
for study for dark-matter profile.
C. Density Enhancement due to
Gravitational-Wave Dissipation
Another consideration is that the orbit of inspiraling
primordial BHs will gradually decay due to GW dissipa-
tion. As a consequence, the primordial BH density pro-
file gets further concentrated. To quantify this effect, we
FIG. 4: The SGWB spectra from primordial BH EMRIs
surrounding Sagittarius A∗ (“Sgr A∗”) and the
extragalactic massive BHs (“ExtGal”) in the redshift
range [0, 5]. The mass of the primordial BH mass is
assumed to be 1M and the abundance in dark matter
is 10−8. The dark-matter initial profile power index is
chosen to be γ = 1 and γ = 2, respectively. The γ = 2
extragalactic SGWB already reaches the detectable
zone of LISA.
notice that astrophysical spectroscopy surveys have con-
firmed that the first galaxies form at redshift z & 10 [56].
Therefore we make the most-optimistic estimation that
all the primordial BHs EMRIs start to decay at z & 10
and the decay duration equals to the Hubble time H−10
to obtain an upper limit of the SGWB results. Here
H0 = 100h is the Hubble parameter and we choose it to
be 67.4 km/s/Mpc [54].
The relation among the orbital decay duration ∆t, the
final orbit radius rf and the initial radius ri is given by
Refs. [43, 44] as follows
∆t =
5
256
c5
G3
1
ηM3tot
(r4i − r4f ). (14)
Let ∆t = H−10 and employ the mass conservation re-
lation 2
ρf (rf ) =
r2i
r2f
ρi(ri), (15)
the enhanced density profile ρf can be determined from
the initial dark-matter profile ρi which is assumed to the
spike distribution.
For comparison, we also consider a less-optimistic case
where the orbital decay duration ∆t is an average of a
flat distribution which ranges from zero to the Hubble
time H−10 , i.e., the primordial BH final orbital radius
2 We have numerically verified that the mass loss due to GW dissi-
pation is negligible by comparing the GW energy with the mass
energy of primordial BHs.
6after GW dissipation rf can be determined by ri with
the following expression
rf =
∫ H−10
0
(
r4i −
256
5
G3
c5
ηM3tot∆t
)1/4
d∆t
/
H−10 .
(16)
However, we find numerically that the relative differ-
ence of the resulting SGWB spectra between the most-
optimistic case and the less-optimistic is negligibly small
and at most O(10%), therefore we will only consider the
most-optimistic case in the following as a representative
of the GW dissipation effect.
Choosing γ = 2, the fiducial SGWB result without
density enhancement for mPBH = 1M, fPBH = 10−8
and the SGWB spectra with density enhancement for
mPBH = 1M, 10−4M and 10−8M, respectively, are
shown in Fig. 5. For the enhanced SGWB results, the pri-
mordial BH abundance is modified accordingly to keep
mPBHfPBH = 10
−8. Since GW dissipation makes pri-
mordial BHs get concentrated and closer to the center,
the amplitude of SGWB spectra gets boosted and the fre-
quency of the peak changes to ∼ 10−1 Hz. As the mass of
primordial BHs decreases, the amplitude boost becomes
more significant. The amplitude for mPBH = 10
−8M is
larger than the fiducial result by one order of magnitude.
This can be expected from Eq. (14) that a smaller value
of symmetric mass ratio η leads to a more significant or-
bital decay.
FIG. 5: A comparison between the SGWB spectra with
and without primordial BH density enhancement effect
due to GW dissipation. The fiducial model is calculated
from the γ = 2 dark-matter spike distribution for
mPBH = 1M, fPBH = 10−8. The three dashed lines are
from the γ = 2 enhanced dark-matter spike distribution
due to GW dissipation. The mass and abundance
parameters are so chosen to keep mPBHfPBH = 10
−8
D. Modeling Systematics of the Massive Black
Hole Population
To investigate the systematics on modeling the ex-
tragalactic massive BH population, we vary the red-
shift integral limits, the lower mass of massive BHs
and the massive BH population model, respectively, and
plot the corresponding SGWB spectra. The results are
shown in Fig. 6. All SGWB spectra are calculated from
γ = 2 dark-matter spike distribution and fPBH = 10
−8,
mPBH = 1M.
1. The Redshift Limits of the Integral
The left column of Fig. 6 shows the SGWB component
contributions from different redshift ranges, [0, 1], [1, 3]
and [3, 5], respectively. The fiducial result is the sum,
i.e., obtained from the redshift range [0, 5]. We can see
that the contribution from z ∈ [3, 5] is sub-dominant and
accounts for at most 10% of the fiducial result. We thus
conclude that the choice of 5 for the redshift upper limit
is sufficient to capture the dominant contribution.
2. The Lower Mass Cutoff of the Massive Black Holes
As mentioned, we choose 104 h−1M to be the mini-
mum mass of massive BHs to account for the existence of
such massive BHs from astronomical observations. Nev-
ertheless we change this value to 105 h−1M to inves-
tigate the contribution from different mass ranges. The
result is shown in the middle column of Fig. 6. Com-
pared with the fiducial result whose lower mass cutoff
is 104 h−1M, the result shows that the SGWB con-
tributed by [104, 105] h−1M massive BHs is mainly in
the relative high frequency range [∼ 10−2,∼ 10−1] Hz.
Therefore the shape of the SGWB spectrum, especially
the frequency of the peak, can provide information of the
underlying massive BH population.
3. The Population Model of Massive Black Holes
A third investigation is to substitute the massive BH
population model derived from the Reed07 dark-matter
halo mass function to that proposed by Refs .[57–60] ac-
counting for the massive BHs formed from population III
star seeds. The number density of massive BHs of this
model is
dn
d logMMBH
= 0.005
(
MMBH
3× 106M
)−0.3
Mpc−3 (17)
The right column of Fig. 6 presents the results. It shows
that the amplitude of the peak is one order of magnitude
smaller than the fiducial model. This is because the num-
ber density of massive BHs with mass [104, 106] h−1M
7from Eq. (17) is less than that from the Reed07 derived
population.
The above investigations give a quantitative measure-
ment about the effect on SGWB spectra from different
modeling systematics of extragalactic massive BH, which
can be improved in the future once a better understand-
ing of the population of massive BHs is obtained. In addi-
tion, the future SGWB search with space-based detectors
can serve as a tool to probe the population information
of massive BHs.
IV. CONSTRAINTS ON PRIMORDIAL BLACK
HOLE ABUNDANCE
By comparing the SGWB spectrum with the LISA sen-
sitivity and applying the condition
ΩGW(ν;mPBH, fPBH) ≤ ΩLISA sensitivityGW , (18)
the upper limit on primordial BH abundance fmaxPBH can be
obtained for a null searching result. In Fig. 7, we plot the
results for different primordial BH masses from the mod-
els of γ = 1, γ = 2, with and without the enhancement
due to GW dissipation, respectively. As a comparison,
we also plot the current constraint from the microlensing
search collaboration OGLE [61] and EROS [62].
It shows that LISA can probe the primordial BH abun-
dance in a large range of masses, [10−9, 1]M for γ = 2
and [10−6, 1]M for γ = 1, respectively. We do not
consider more massive primordial BHs because it may
break the condition of extreme mass ratio. For primor-
dial BHs with 1M, LISA can constrain the abundance
to be ∼ 10−6 (γ = 1) or ∼ 10−9 (γ = 2). The enhance-
ment effect due to GW dissipation can further improve
the constraint at the lower end of the mass range. This
would be the most sensitive method proposed and quan-
tified by now for detecting or constraining sub-solar mass
primordial BHs.
V. CONCLUSIONS
In this work we have investigated the SGWB from pri-
mordial BH EMRIs surrounding Sagittarius A∗ and the
extragalactic massive BHs, respectively, expanding the
previous work of Ref. [35, 36] by including the complete
extragalactic contribution. After modeling the event
rate, the SGWB energy density spectra are calculated.
The contributions from Sagittarius A∗ and extragalactic
massive BHs peak at different characteristic frequencies.
Future space-based GW detectors such as LISA may uti-
lize this feature to give decisive evidence about the exis-
tence of primordial BH dark matter at the galactic center.
Finally, LISA can also constrain the abundance of pri-
mordial BH in dark matter if there will be a null SGWB
searching result. For a NFW induced dark-matter spike
profile (γ = 1), LISA can exclude the existence of 1M
primordial BH with any abundance greater than 10−6 of
dark matter. A steeper dark-matter profile power index
γ = 2 can make the constraint even tighter by three or-
der of magnitude. This renders GWs in the space-based
frequency band a powerful tool to hunting for sub-solar
mass primordial BHs. However, modeling uncertainties
exist from the dark-matter spike profile power index and
the extragalactic massive BHs population as quantified in
Section III. Future astrophysical progress on understand-
ing these modeling systematics can help further improve
the ability of GW window to search for primordial BHs.
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